Proper formation of the FtsZ ring at the site of division is crucial for initiation of bacterial 27 cell division. A number of systems have been reported to regulate the spatial localisation of the 28 FtsZ ring. MapZ, a recently identified FtsZ regulatory protein in Streptococcaceae, has been found 29 to mark the division site and position the FtsZ ring. However, it is unclear how MapZ regulates the 30 dynamics of the FtsZ ring in Streptococcaceae, which is important for understanding the underlying 31 mechanism of this system. Here, we studied how MapZ regulates the FtsZ ring in Streptococcus 32 mutans, and its effect on the directional motion of FtsZ filaments. The results show that FtsZ 33 filaments in the ring exhibited treadmilling motion in S. mutans, similar to that in Escherichia coli 34
selection system discovered in Escherichia coli. Oscillation of the MinCD complex from pole to 48 pole defines a minimum concentration of MinC at the middle of the cell, which directly prevents 49
FtsZ polymerisation. The nucleoid occlusion (NO) system 4 was also identified, which contains the 50 special DNA-binding proteins SimA and Noc in E.coli and Bacillus subtilis, respectively. Although 51 both of these proteins have been found to inhibit FtsZ assembly via binding to DNA of the 52 undivided chromosome, a recent study has demonstrated that in addition to these two systems, 53 some other unidentified mechanisms should also play a role in the early stage of cell division in B. 54 subtilis 5 . However, many bacteria actually lack both of Min and NO systems and they evolved other 55 Z ring regulatory systems. For instance, MipZ 6 was discovered in Caulobacter crescentus and is 56 conserved among α proteobacteria. It directly perturbs FtsZ polymerisation and forms a complex 57 with the DNA-binding protein ParB, which binds to replication origin regions. The complex 58 restricts FtsZ assembly forming a Z ring in the mid-cell, where MipZ has the lowest concentration. 59
Distinct from the negative regulatory systems mentioned above, two positive control systems 60
PomZ 7 and SsgA/SsgB 8 were identified in Myxococcus xanthus and Streptomyces, respectively. 61
These two systems localise at the division site prior to FtsZ and directly recruit FtsZ to the mid-cell 62 to form the Z ring. 63
Recently, another important positive regulatory system was discovered in Streptococcus 64 pneumoniae and is conserved in Streptococcaceae, which lack the aforementioned FtsZ regulatory 65 systems. The new system is mediated by the membrane protein MapZ (also called LocZ) 9, 10 , which 66 positions the Z ring at the division site and controls its constriction. 67
The extracellular domain of MapZ is composed of two sub-domains, 11 and the subdomain 68 tandem to the transmembrane domain acts as pedestal for proper localisation of the C-terminal 69 domain, which directly binds to peptidoglycan. This two-domain structure implies that the 70 "pedestal" domain may play the role of a switch, thereby regulating the interaction of MapZ and 71 nascent peptidoglycans. This study supports the view that MapZ binds to nascent peptidoglycans 72 at the site of division and is then pushed toward the daughter cell equator by peptidoglycan 73 elongation, thereby marked the future division site. However, a recent study claimed that MapZ is 74 not the initial factor that determines the division site 12 . This study showed that the origin of 75 chromosome replication (oriC), which is located at the site of division prior to the MapZ ring, is crucial for cell division. Deletion of MapZ had no remarkable effect on oriC localisation. However, 77 perturbing the segregation of oriC led to mislocalisation of MapZ. 78
Although it has been shown that MapZ interacts with FtsZ to position the Z-ring, how MapZ 79 regulates the dynamics of the FtsZ ring is unclear. Here, we studied how MapZ regulates the 80 position and movement of the FtsZ ring. The results show that FtsZ filaments in the ring exhibit a 81 treadmilling motion in Streptococcus mutans, similar to that in E. coli and B. subtilis 13, 14 . Deletion 82 of MapZ showed an interesting impact on the movement of treadmilling FtsZ filaments, the plane 83 angle of the FtsZ ring at its early formation stage, and the lifetime of the constricting FtsZ ring. 84
Further, our data revealed a stable ring like structure of MapZ at the division site, suggesting that 85
MapZ ring serves as a track for treadmilling FtsZ filaments in S. mutans. 86
87
Results 88
Characterise MapZ homologue in Streptococcus mutans. 89
MapZ was identified in S. pneumoniae (spMapZ). Here, we identified a MapZ homologue in 90 S. mutans (smMapZ); consistent with a previous report 15 , smMapZ shows 37% sequence identity 91 with spMapZ, with 32% and 50% sequence identity for the cytoplasmic and extracellular domains, 92 respectively. Strikingly, most of the first 40 amino acids of spMapZ, which were thought to be 93 sufficient for the interaction of MapZ and FtsZ, were deficient in smMapZ while the two 94 phosphorylation sites 9 (T67 and T78) and the amino acids 11 (R409, Y411, N428, Y430, Y450, F451 95 and N454) required for binding to pneumococcal peptidoglycans are conserved (Extended Data 1a). 96 Subsequent analysis of the secondary structure of the intracellular domain (Extended Data 1d) and 97 prediction of sequence disorder tendency (Extended Data 1c) and amino acid conservation 98 (Extended Data 1b) indicated that smMapZ forms a similar potential structure with spMapZ, and 99 both contain a predicted functional subdomain at the N-terminus of the cytoplasmic domain and 100 two subdomains of the extracellular domain. 101
Deletion of smmapZ (ΔsmmapZ) led to shorter, irregularly shaped cells and mini-cells ( Figure  102 1a, b), which is similar to the phenotype in S. pneumoniae. To assess the localisation pattern of 103 smMapZ, we fused enhanced green fluorescent protein (EGFP) to the N-terminus of smMapZ 104 under the control of the native promoter. Time-lapse imaging of EGFP-smMapZ ( Figure 1c ) 105 indicated that smMapZ formed a ring at the mid-cell and a pair of rings appeared as the cell 106 elongated. The distance between the two smMapZ rings increased as a function of cell length while 107 the distance between the smMapZ rings and their nearest cell pole did not change remarkably 108 ( Figure 1d ), suggesting that the smMapZ ring at the mid-cell split into two rings, which moved to 109 the cell equator of the new daughter cells. Interestingly, smMapZ with cytoplasmic domain deletion 110 (smmapZΔcyto) resulted in loss of the ability to position at the constricting septum, resulting in 111 distribution throughout the cell membrane, whereas the extracellular domain null mutation 112 (smmapZΔextra) retained a septum localisation pattern ( Figure 1e ). This result differs from that of 113 spMapZ. Further multi-domain truncation analysis revealed that the predicted subdomain at the N-114 terminus of the cytoplasmic domain and the subdomain tandem to the transmembrane domain 115 respond to such localisation patterns (Extended Data 2). Evolutionary tree analysis revealed that 116 smMapZ and spMapZ belong to different evolutionary branches ( Figure s1 ). 117
Deletion of smmapZ led to mislocalisation of the FtsZ ring. 118
We next assessed the effect of smMapZ on the localisation of FtsZ. The red fluorescence 119 protein mCherry was used to label smMapZ and EGFP was fused to the C-terminus of FtsZ under 120 the control of an inducible promoter. Consistent with a previous report, FtsZ and smMapZ were 121 colocalised at the mid-cell in a newborn cell. Moreover, smMapZ was required for correct 122 localisation of the FtsZ ring, as 64% of FtsZ rings were unable to localise at the mid-cell in the 123
ΔsmmapZ strain, while only 22.7% of FtsZ rings in the wild type (WT) strain were mislocalised 124 ( Figure 2b ). As the cell grew, the smMapZ ring split into a pair, which moved toward the cell 125 equator of the daughter cells before the FtsZ ring. A third smMapZ ring emerged at the division site, constricting with the FtsZ ring. Subsequently, new FtsZ rings assembled, colocalising with the 127 smMapZ rings of daughter cells (Figure 2a ). 128
Deletion of smmapZ led to unconstrained treadmilling of FtsZ filaments in the Z-ring. 129
As a tubulin homologue in prokaryotic, the treadmilling motion of FtsZ filaments was 130 confirmed recently 13, 14 . MapZ did not affect the polymerisation and GTPase activity of FtsZ 9 , but 131 deletion of MapZ did impact FtsZ ring localisation and constriction. Thus, we proposed that MapZ ring plane would no longer change (Extended Data 3b, Movie s5). We also noticed that deletion of 149 smmapZ resulted in a decrease in chance to observe cells with three FtsZ rings (Extended Data 3c). 150
By monitoring the complete process of emergence and disappearance of the three FtsZ ring 151 structure, we discovered that the middle FtsZ ring in the △smmapZ strain only remained 5-6 min after new FtsZ ring formation, exhibiting a shorter lifetime than the life time (>10 min) in the WT 153 strain (Figure 4b , Movie s7, s8). Analysis of the intensity trace also indicated that deleting smmapZ 154 led to a faster fluorescence decrease of the middle FtsZ ring than that in WT ( Figure 4c ). This 155 suggested that smMapZ might play a role in guiding the treadmilling and stabilising the constricting 156 directional movements using single molecule TIRF imaging 13, 14 . Here, to study the dynamics of 164 smMapZ ring, we labelled smMapZ with mNeongreen for TIRF imaging. Interestingly, no 165 remarkable periodic motion of smMapZ was observed by intensity traces or kymograph analysis 166 ( Figure 5d , Extended Data 4a, Movie s9), suggesting that the smMapZ ring is immobile. We further 167 observed the relative movement between smMapZ and FtsZ using a dual color assay. By labeling 168 smMapZ and FtsZ with EGFP and mScarlet-I, respectively, we revealed that the FtsZ ring exhibited 169 directional movement while the smMapZ ring showed no remarkable movement ( Figure 5e ). 170
Single molecule tracking allowed to measure the spatially specific dynamic features of targeted 171 molecules. Here, we labelled Halotag fused smMapZ with low concentrations (62.5 pM) of 172
HaloLigand-JF646 to monitor the motion of single smMapZ molecules. The results revealed two 173 populations of smMapZ molecules: (i) stationary and (ii) diffusive (Figure 5f , Movie s10). In a few 174 cases, we also observed one single smMapZ molecule switched between the two modes (Extended 175 Data 4b). We analysed the localisation pattern of stationary smMapZ molecules in 62 cells. In 38 176 cells that exhibited newborn cell length or three FtsZ ring structures, the stationary smMapZ 177 molecules co-localised with the FtsZ ring. In the rest 24 growing cells, the stationary smMapZ molecules localised at the cell equator of the future daughter cells (Figure 5g , Extended Data 4c). 179
The low mobility of smMapZ molecules supports that smMapZ forms a stable ring structure. 180
However, as most single molecules were bleached in 2-3 min, single molecule trajectories were 181 insufficient to study the stability of the smMapZ ring over a longer period of time. Therefore, we 182 labelled smMapZ with mMaple3, a photoconvertable fluorescent protein that converts from green 183 fluorescence to red fluorescence under purple illumination 19 . Using TIRF illumination, we 184 photoconverted mMaple3-fused smMapZ molecules in the bottom portion of the ring using a 405 185 nm laser and monitored their movement every 3 min. The results showed that over a total duration 186 of 21 min, neither the position nor the intensity of the photoconverted smMapZ molecules changed 187 remarkably, indicating that the smMapZ ring is a stable structure and the exchange of smMapZ 188 molecules occurs at a very slow rate (Figure 5h , Extended Data 4d). 189
Discussion 190
Recently a membrane protein MapZ mediated FtsZ regulatory system was uncovered in S. 191 pneumoniae, which was shown to be conserved in Streptococcaceae. As a positive FtsZ regulator, 192 MapZ first binds to the division site forming a ring structure and then positions the FtsZ ring 9, 10 . 193 Two recent studies 11, 12 gained insight into how MapZ marks the division site, but little work has 194 been focused on how MapZ controls the FtsZ ring structure. Here, our data suggested that MapZ 195 forms a stable heterogeneous ring structure at the division site, which may act as a track for the 196 treadmilling of FtsZ filaments ( Figure 6 ). This is primarily demonstrated by the characterisation of 197 the smMapZ ring structure and FtsZ treadmilling in S. mutans. 198 smMapZ is essential for regular cell shape formation and proper localistion of the constricting 199 septum in S. mutans; it marks the division site prior to the FtsZ ring (Figure 2a ). Deletion of 200 smmapZ results in a shorter, irregularly shaped cell, and a mislocalised FtsZ ring (Figure 1a To understand the mechanism by which the smMapZ ring affects the FtsZ ring localisation, 203
we focused on the treadmilling of FtsZ, which was confirmed recently. Similar to that in E. coli 204 and B. subtilis, the FtsZ ring in S. mutans demonstrated periodic fluctuations of intensity and a 205 directional motion in high temporal resolution imaging (Figure 3a , b, c, Extended Data 3a, Movie 206 s1). Interestingly, different from that in E. coli and B. subtilis, we observed translocation of FtsZ 207 from the middle ring to the newly formed FtsZ ring (Figure 3d ). The translocation velocity was 208 similar to the treadmilling vecolity of FtsZ filaments inside the ring. Considering that the 209 translocated FtsZ would participate in new ring formation, it is reasonable to note that such kind of 210
FtsZ translocation is a functional process rather than abnormal localisation. The translocation of 211
FtsZ also supports the view that the FtsZ ring consists of multiple protofilaments, thereby 212 demonstrating a bead-like structure or discontinuous clusters 17, 18, 20, 21 . 213
Further, we revealed that deletion of smmapZ resulted in unconstrained movement of FtsZ 214 filaments and an unstable plane of the FtsZ ring (Figure 4a ; Extended Data 3b), suggesting that the 215 smMapZ ring may play a role in restricting and guiding FtsZ treadmilling. This can also explain 216 why deletion of MapZ leads to an irregular cell shape and minicell formation. Consistent with a 217 previous report 9 , we observed a lower proportion of cells harbouring the FtsZ dumbbell structure 218 in the ΔsmmapZ strain compared to the WT cells (Extended Data 3c). This was probably due to the 219 shorter lifetime of the middle FtsZ ring in the ΔsmmapZ strain (Figure 4b, c ). We speculate that the 220 shorter lifetime was caused by an increase in FtsZ translocation (Movie s5); however, we cannot 221 exclude the possibility that it may have been due to premature constriction of the FtsZ ring, as 222 previously described 9 . 223
We characterised the smMapZ ring structure to understand how it guides the treadmilling of 224 FtsZ filaments. The discontinued ring-like structure of smMapZ was uncovered by 3D-SIM ( Figure  225 5a-c). However, unlike FtsZ, FtsA and Pbp2B 14 , the smMapZ ring or single smMapZ molecules 226 did not show remarkable directional movement around the short cell axis (Figure 5d and Extended 227 Data 3a). Thus, we hypothesise that smMapZ localisates at the division site prior to FtsZ and forms 228 a stable heterogeneous ring-like structure (Figure 5g, h; Extended Data 3c, d) . This stable ring 229 structure acts as a track for FtsZ treadmilling (Figure 5e ). However, we noticed that FtsZ still 230 formed a Z ring in the ΔsmmapZ strain. The change of plane angle of the FtsZ ring often happened 231 at the early stage of FtsZ ring formation but not in the constricting stage. Thus, we propose that the 232 track role of MapZ only functions at the early stage of FtsZ ring formation, and other proteins also 233 participate in the stablisation of FtsZ treadmilling after Z ring formation, possibly including ErZA, 234 a spectrin like protein 22 , which has been reported to interact with FtsZ and is required for correct 235 localisation of the FtsZ ring 23 . 236
In summary, our study revealed the "track" role of smMapZ in FtsZ treadmilling, providing 237 new insight into the mechanism of the MapZ-mediated FtsZ regulatory system. Considering the 238 similar functions of smMapZ with that of spMapZ, we believe this does not only exist in S. mutans, 239 but also in other MapZ-conserved bacteria. 240 241 242 243
Material and methods 244
Bacterial strains, plasmid and mutation construction, and culture conditions 245 S. mutans standard strain UA159 and all derived strains used in this study are listed in Table  246 1. To generate the S. mutans mutations (gene deletion and fluorescent protein fusion), we used a 247 counter-selectable system called IFDC2 (provided by Zhoujie Xie). The transformation procedure 248 was performed as previously described 24 . Briefly, the overnight culture grown in Todd-Hewitt 249 medium supplemented with 0.3% yeast extract (THY; QinDao Wei si, China) was diluted (1:20) 250 in the same medium and incubated for 2-3 h (OD600 0.2-0.3). Overlapping PCR reaction (5 µl) and 251 0.5 µl of CSP (1 µg/µl stock) were added to 500 µl of culture and incubated for 2 h. To select 252 antibiotic-resistant colonies, brain heart infusion (BHI; Difco Laboratories, Detroit, MI, USA) agar 253 plates were supplemented with 12-μg/ml erythromycin (Sigma-Aldrich, St. Louis, MO, USA). 254
Selection of the second transformation was performed on BHI plates supplemented with 4-mg/ml 255 p-cl-Phe (Sigma-Aldrich). For snapshot imaging, S. mutans strains were aerobically cultured in 256 THY at 37°C. For time-lapse imaging, the strains were cultured in a chemically defined medium 25 257 supplemented with 0.3% yeast extract (C + Y). A final concentration of 10 mg/ml xylose was added 258 to the culture medium to induce the expression of Pzx9 and Pzx10 26 (provided by Jiezhou Xie). 259
Sample preparation for snapshot imaging 260
An overnight culture grown in THY medium was diluted (1:100) in the same medium, and 261 incubated at 37°C aerobically to OD600 0.4-0.5 (7 h). The culture was diluted again (1:100) in THY 262 and grown at 37°C aerobically to OD600 0.1-0.2 (5 h). Cells were harvested by centrifugation at 263 1,500 × g for 3 min, washed three times with 1× phosphate-buffered saline (PBS), and resuspended 264 in 1× PBS. The bacteria were loaded between a gel pad (1× PBS supplemented with 1.5% low 265 melting agarose) and coverslip (Fisher 24 × 50, No. 1) . For FtsZ imaging, spectinomycin was added 266 to all cultures at a final concentration of 1 mg/ml. D (+) xylose (Sigma-Aldrich) was added before 267 the last round of dilution at 10 mg/ml. 268
Sample preparation for 3D-SIM imaging 269
JF549 dye (500 nM; provided by Luke Lavis) was added into the culture at OD600 0.1-0.2, 270 incubated for 15 min at 37°C, washed once with 1× PBS, fixed in 4% paraformaldehyde for 15 min 271 at room temperature, and washed twice with 1× PBS. Resuspended cells were loaded between the 272 coverslip (Fisher 24 × 50, No. 1.5) and gel pad. 273
Sample preparation for time-lapse imaging 274
EGFP_smMapZ and mMaple3_smMapZ. An overnight culture grown in THY medium was 275 diluted (1:100) in C + Y medium. After two dilutions, the culture at OD600 0.1-0.2 was added to a 276 gel pad (C + Y medium supplemented with 1.5% low melting agarose) on a glass slide, and a 277 coverslip was added. Rectangular 3M double-sided tape was used to seal the coverslip and glass 278 slide. 279
HaloJF646_smMapZ. JF646 dye (62.5 pM) was added into the culture at OD600 0.1-0.2, 280 incubated for 15 min at 37°C and washed once with pre-warmed fresh C + Y medium. Resuspended 281 cells were loaded between the coverslip and the gel pad.
Imaging of FtsZ_mNeongreen.
Spectinomycin was added to all cultures at a final 283 concentration of 1 mg/ml. D (+) xylose was added at 10 mg/ml before the last round of dilution. 284
Slide preparation 285
Coverslips were cleaned with Piranha solution (30% H2O2: 98% H2SO4 v:v = 1:3 at 90°C for 30 286 min), washed with Milli-Q water, stored in filtered Milli-Q water, and dried with high purity 287
nitrogen before use 288
Snapshot imaging of smMapZ and FtsZ 289
The samples were visualised on an N-STORM (Nikon, Tokyo, Japan) system equipped with 290 a 100× oil TIRF objective (Nikon PLAN APO, 1.49 NA), Belfast, 291 Northern Ireland), the perfect focus system (Nikon), a laser source (405, 488, 561 , and 647 nm) 292 and 1.5× magnification optics. Images were collected with Nis-Elements AR software (Nikon). For 293
EGFP_smMapZ and mCherry_smMapZ, 300 frames were collected with a 100 ms exposure time. 294
For FtsZ_EGFP, 50 frames were collected with a 100 ms exposure time. 295
Time-lapse imaging of EGFP_smMapZ and mMaple3_smMapZ 296
Time-lapse observation of EGFP_smMapZ was performed with a DeltaVision OMX SR (GE 297
Healthcare, Little Chalfont, UK) system equipped with a 1.42 NA 60× oil objective (Olympus, 298 Tokyo, Japan), laser source (405, 488, 561, and 642 nm) , four sCOMS, and an environment control 299 system. Using the OMX Acquisition software, the images were collected with a 60 ms exposure 300 time, with 5 min intervals at 37°C. 301
Time-lapse imaging of mMaple3_smMapZ was performed with an N-STORM microscope 302 equipped with a live cell instrument. A laser at 405 nm was used to photoconvert the mMaple3 to 303 the red state with an initial exposure time of 300 ms. Then, a 561 nm laser was used to excite the 304 red state mMaple3 with a 400 ms exposure time, and a 488 nm laser was used for the green state 305 with a 300 ms exposure time. 306
3D-SIM imaging of HaloJF549_smMapZ 307
Super-resolution 3D-SIM imaging was performed with a DeltaVision OMX SR system, with 308 a 10 ms exposure time and 50% transmission. The 3D-SIM raw data were reconstructed with 309 SoftWoRx 6.0 (Applied Precision, Issaquah, WA, USA) using a Wiener filter setting of 0.001 and 310 a channel that specifically measured optical transfer functions. The immersion oil was optimised 311 to 1.518. 312 313
Imaging of the dynamics of FtsZ_mNeongreen, mNeongreen_smMapZ and 314
HaloJF646_smMapZ 315 The images were collected by near-TIRF illumination on an N-STORM microscope. Corp., Redmond, WA, USA). To compare the distance between the two outer rings, and between 327 the smMapZ ring and the cell pole, we manually eliminated the cell in which only one ring structure 328 could be observed, then the data were calculated with a custom MATLAB script and plotted in 329
Excel. To sort the fluorescence intensity of the smMapZ truncations as a function of cell length, 330 averaged images were deconvoluted using Huygens and subsequently analysed using Coli-331
Inspector running under the ImageJ plugin ObjectJ (http://simon.bio.uva.nl/objectj/), as previously 332 described 11 . 333
334
The analysis of periodic intensity fluctuations of the Z ring and treadmilling were performed 335 in Fiji (http://fiji.sc/). First, drift correction of the time-lapse imaging was performed using series 336 registration based on the Fiji plugin Descriptor. We selected a medium detection brightness and 337 six-pixel for detection size; the type of detection was set as minima and maxima, and the rest were 338 set as default values. After drift correction, a 3 × 3 pixel (~320 nm) region of interest was chosen 339 inside the Z ring, and the Z-axis profile was plotted with Fiji to show the periodic intensity 340 fluctuations. For analysis of FtsZ treadmilling, the images were resized to 26 nm/pixel with the 341 bicubic method, and a segmented line (line width is 11) was drawn inside the Z ring, parallel to its 342 long axis, and a multiple kymograph plugin was used to demonstrate movement. The velocity of 343 treadmilling was calculated based on the kymograph using the macro "read velocities from tsp" as 344 described in the manual. 345
Single particle tracking. The Fiji plugin TrackMate (http://imagej.net/TrackMate) was used 346 to analyse the trajectory of single molecules of smMapZ. We selected the LoG detector and set 0.4 347 µm as the estimated blob diameter. The LAP Tracker function, with a 0.5 µm maximum distance 348 for frame-to-frame linking, was employed to complete the tracking. The trajectory data were 349 exported; further analysis of logD was carried out in R studio (R Development Core Team, Vienna, 350 Austria) with a custom script. The two-status analysis of single trajectory was performed in 351 MATLAB with the HMM-Bayes procedure 28 , as previously described. 352 smMapZ sequence analysis. To identify smMapZ, we selected spMapZ as the query sequence pbil.ibcp.fr) was used to predict the secondary structure of the cytoplasmic domain of smMapZ as previously described. In total, 150 protein sequences were selected to determine amino acid 359 conservation using the Consurf web server 30 (http://consurf.tau.ac.il/2016/). Prediction of sequence 360 disordered tendency was performed with IUPred 31 (http://iupred.enzim.hu/). 
